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Abstract: In this work, we design multi-parameter phase imaging flow cytometry based on
dual-view transport of intensity (MPFC), which integrates phase imaging and microfluidics to a
microscope, to obtain single-shot quantitative phase imaging on cells flowing in the microfluidic
channel. The MPFC system has been proven with simple configuration, accurate phase retrieval,
high imaging contrast, and real-time imaging and has been successfully employed not only in
imaging, recognizing, and analyzing the flowing cells even with high-flowing velocities but also
in tracking cell motilities, including rotation and binary rotation. Current results suggest that our
proposed MPFC provides an effective tool for imaging and analyzing cells in microfluidics and
can be potentially used in both fundamental and clinical studies.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As a widely used technique in biological and medical fields, flow cytometry employs scattered
light or fluorescence to detect the physical and chemical characteristics of cells [1,2]. In detail,
the forward-scattered light is used to measure the cellular sizes, the side-scattered light is used
to indicate the granularity or internal complexity of the cells, and the fluorescence signal is
used to detect the molecules such as proteins or nucleic acids in the cells. Often relying on
high-performance single-pixel photodetectors such as photomultiplier tubes, conventional flow
cytometry can sensitively and rapidly detect cellular characteristics. However, the measured
signals only reflect the general characteristics while losing the particulars. For example, flow
cytometry can measure cellular sizes but cannot provide their morphology. It is because the
single-pixel photodetector only collects the light signal integrals while losing their corresponding
spatial positions. Though conventional flow cytometry accelerates the detection speed, it
inevitably reduces the sensing specificity and accuracy.

To solve this problem, imaging flow cytometry is a promising approach [3–5]. Galvo scanning
systems have been widely used to detect every point of a flowing cell in microfluidics [6–8].
Besides, the spatial-temporal transformation was reported by inserting a known mask into
conventional flow cytometry to simplify the system, and the function of the mask is to implement
spatial sampling equivalent to the Galvo scanning system [9]. These methods obtain 2-D images
via spatial point scanning, inevitably reducing the imaging speed. To accelerate the scanning
speed, one breakthrough is serial time-encoded amplified microscopy [10,11]. Its key idea is
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to first use the grating-generated space-encoded spectral signals for 2-D detection and then
collect these spectral signals, which are further time-encoded by the dispersion fiber, using the
single-pixel photodetector. In other words, each point of the cell can be detected by light at a
specific wavelength, which is collected by the single-pixel photodetector at a specific sequence.
Similarly, other optofluidic time-stretch imaging techniques have been designed [12]. For example,
fluorescence radiofrequency-tagged emission can support imaging flow cytometry but is based
on radiofrequency for signal encoding [13,14]. In addition, free-space angular-chirp-enhanced
delay (FACED) combining laser scanning for spatial scanning and a FACED mirror pair for
time stretching can be used at an ultrafast speed [15,16]. These above-mentioned imaging
flow cytometers are all based on single-pixel photodetectors, which are beneficial for rapid and
sensitive detection.

However, these imaging flow cytometers are often bulky and complicated due to the many
inserted optical elements and devices. With the rapid development of image array sensors
with higher frame rates and signal-to-noise ratios, imaging flow cytometry can be simplified by
integrating the single-cell imaging capability of microscopy with the high-throughput capability
of conventional flow cytometry. Imaging flow cytometry has been applied in different imaging
modalities. As with microscopy, fluorescence imaging flow cytometry can specifically detect
cells in the highest contrast but needs labeling during cell pretreatment [17,18]. Bright-field
imaging flow cytometry has the simplest scheme but suffers from low contrast, especially in
label-free conditions [19–21]. Different from those fluorescence and bright-field imaging ones,
quantitative phase imaging flow cytometry can measure cellular morphology in high contrast,
especially in label-free cases. Therefore, quantitative phase imaging-based flow cytometry has
drawn a lot of attention due to its high performance in cellular detection applications.

Various quantitative phase imaging flow cytometers have been designed, and many of them
are based on holography and interferometry [22–24]. It is because the quantitative phase can be
reconstructed from a single-shot hologram or interferogram. However, many of these interference-
based quantitative phase imaging flow cytometers have complicated systems with separated
sample and reference arms. Though in-line holography and common-path interferometry
can partially solve the problem [25,26], these interference-based quantitative phase imaging
techniques suffer from a time-consuming phase retrieval process, especially phase unwrapping.
Besides holography and interferometry, a coherent modulated imaging flow cytometer has been
recently reported with an extremely simple optical scheme [27]. But still, it takes a long time for
iterative phase retrieval.

Though the transport of intensity phase imaging requires multi-focal images for phase
reconstruction, many techniques have been reported to obtain these multi-focal images in a
single shot, such as based on dispersion [28], beam splitting [29,30], diffraction [31–33], and
so on. Among them, our previously designed dual-view transport of intensity phase imaging
can obtain single-shot phase distribution from simultaneously captured under- and over-focus
images with the advantages of simple configuration and a large field of view (FoV) [34,35]. It has
been successfully used in live cell observation [36] and whole-slide imaging [37,38]. Besides,
the transport of intensity phase imaging can reconstruct phase at a fast speed without phase
unwrapping or iterative phase retrieval. Therefore, it is also a promising tool for quantitative
phase imaging flow cytometry. In this work, we designed dual-view transport of intensity phase
imaging flow cytometry, which combines phase microscopy and microfluidics. Since MPFC can
provide cellular multi-parameters such as amount, phase, and morphology (area, eccentricity,
diameter, and so on), it can be employed not only in imaging and analyzing flowing cells but also
in tracking cell motility. We believe that this work expands the application scope of the dual-view
transport of intensity phase imaging and is expected to promote the application of phase imaging
flow cytometry in high-throughput rapid cellular detection.
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2. Experimental setup

Figure 1(a) shows the proposed MPFC system, which is based on a commercial Nikon microscope
(Eclipse Ti2-E, Japan) equipped with a board-level camera integrated with two CMOS imaging
chips (1280× 1024, 4.8 µm, Daheng Imaging, China). In detail, the beam emitted from a LED
passes through an interference filter (central wavelength= 532 nm, FWHM= 10 nm, Daheng
Optics, China) and serves as the light source for Kohler illumination. The microfluidic channel
with the length, width, and depth of 20 mm, 200 µm, and 200 µm, as shown in the yellow box, is
fixed on the microscope sample stage. Using a micromolecular injection pump (LSP Rongbai,
China), the cell solution can be injected into the microfluidic channel and driven finally into the
recycling dish. A micro-objective (10×, N.A.= 0.25) is employed to image these cells. After the
tube lens, a board-level camera is used for simultaneous under- and over-focus image recording
for phase retrieval. In brief, a prism (Daheng Optics, China) is used to spilt the wavefront
output from the microscope: one is collected with a CMOS camera located before the imaging
plane with a defocus distance of 1 mm, and another is collected with another CMOS camera
(Daheng Imaging, China) located after the imaging plane with a defocus distance of 1 mm. It
should be noted that the FoVs of simultaneously captured under- and over-focus images have
been corrected in advance based on the phase correlation approach to guarantee accurate phase
retrieval. Moreover, the in-focus image is approximated by the average of the FoV-corrected
under- and over-focus images. Therefore, according to the computed in-focus image, focus
adjustment in the MPFC system is almost the same as that in a conventional microscope.

Fig. 1. (a) Scheme of MPFC system: the yellow inset is a zoomed-in view of the microfluidic
chip, and the pink inset shows the images acquired by the two CMOS. (b) Computed in-focus
image of a USAF 1951 resolution test chart. (c) Cross-sections of the line pairs of Group 8
Element 3.

The quantitative phase can be reconstructed by solving the Poisson equation in Eq. (1), in
which k is the wave number, ∇ is the gradient operator, I(x, y) and ∂I(x,y)

∂z represent the in-focus
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image and the image derivative, respectively, and φ(x, y) is the phase under reconstruction.

k
∂I(x, y)
∂z

= −∇ · [I(x, y)∇φ(x, y)] (1)

According to the principle of dual-view transport of intensity phase imaging, the in-focus can
be obtained as the average of under- and over-focus images described in Eq. (2), and the image
derivative is computed according to Eq. (3). In these two equations, I(x, y,−∆z) and I(x, y,∆z)
respectively represent the under- and over-focus images, and ∆z is the defocus distance.

I(x, y) =
I(x, y,−∆z) + I(x, y,∆z)

2
(2)

∂I(x, y)
∂z

=
I(x, y,−∆z) − I(x, y,∆z)

2∆z
(3)

By substituting Eqs. (2) and (3) into Eq. (1), phase under detection can be reconstructed
using the classical fast Fourier transform-based differential equation solver, which can be found
anywhere [37,38].

Before application, the MPFC system was calibrated and verified. First tested by a USAF
1951 resolution test chart (Edmund Optics, US) in Fig. 1(b), the FoV of the MPFC system could
reach 0.16 mm2, and the lateral resolution of the system was 1.55 µm since Group 8 Element
3 can be distinguished in Fig. 1(c). Additionally, a single pixel size represents 0.21 µm. The
calibrated FoV and lateral resolution of the MPFC system fully satisfied cellular imaging within
the microfluidic channel.

Afterward, using a two-step random phase plate with a fabricated phase distribution difference
of π at 532 nm, the phase retrieval accuracy of the MPFC system was tested. Figures 2(a1) and
(a2) reveal the FoV-corrected under- and over-focus images, and Fig. 2(c) shows the computed
in-focus one, proving that MPFC system can provide simultaneously captured multi-focus images
in high quality. Via solving the Poisson equation, the phase was retrieved in Fig. 2(c), and the
cross-sectional phase distribution in Fig. 2(d1) fitted well with the fabricated one, proving the
high-accurate phase retrieval of the MPFC system.

Finally, the dynamic phase imaging performance of the MPFC system was verified using
flowing cells in the microfluidic channel. After centrifugation, C6 cells were added to 0.5 mL
paraformaldehyde solution and then mixed with PBS solution to prepare the cell solution. The
C6 cell solution at a concentration of 1× 105 cells/mL was injected into a microfluidic channel
with a flow rate of 3.6 µL/min. The frame rate of the CMOS camera was fixed as 33 fps, and the
exposure time was set to 10 µs. Figures 2(e1) and (e2) present the under- and over-focus images
acquired simultaneously by the MPFC system, and Fig. 2(f) exhibits the computed in-focus
one. Since the cells were almost transparent, only their outlines could be faintly observed in the
bright-field modality. Figure 2(g) shows the cellular phase image with a significantly enhanced
contrast compared to those in Figs. 2(e1) and 2(e2), and the cellular contour can be extracted from
the retrieved phase, such as in Fig. 2(d2). It should be noted that there were also no significant
motion blurs in both bright-field and phase imaging modalities, proving that the MPFC system
worked well in imaging dynamic samples. According to the results in Fig. 2, it is proven that our
proposed system can deal with phase imaging flow cytometry of high quality.
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Fig.2 Fig. 2. (a) FoV-corrected under- and over-focus images of random phase plate; (b) Computed
in-focus images; (c) Retrieved phase images of random phase plate; (d1) Cross-sectional
phase images of random phase plate; (e) FoV-corrected under- and over-focus images of
flowing cells in the microfluidic channel; (f) Computed in-focus images; (g) Retrieved phase
images of cells; (d2) Cross-sectional phase images of cells; The white bars in (b), (g) and (g)
indicate 50 µm, and the color bars in (c) and (g) represent phase values.

3. Result

First, the classical functions of cell imaging, recognition, and analysis of the MPFC system
were tested. The C6 cell solution with a concentration of 1× 105 cells/mL was injected into
the microfluidic chip at a moderate flow rate of 3.6 µL/min. The exposure time of the CMOS
cameras was set to 6 µs. Using the MPFC system, a 12-second movie (Visualization 1) reveals the
reconstructed phases of a fixed FoV with cells flowing in the microfluidic channel. In Visualization
1, the upper left value represents recording time, and the upper right value represents the time
consumed in phase retrieval and data saving. Since the image processing time was around
25 ms and the frame rate of the CMOS camera was 33 fps, the MPFC system could satisfy
the demand for real-time imaging. Figure 3(a) lists some of them at different moments, which
provide significant contrast between cells and background. Therefore, cells could be precisely
recognized using the threshold segmentation revealed in Fig. 3(b). According to the recognition
results, cellular multi-parameters, such as diameter, area, eccentricity, and phase, can be extracted
by combining the phase map with the binarized image. In detail, the cellular diameter was
estimated using the number of pixel points. To quantitatively evaluate the cellular roundness,
we also computed the eccentricity using (dmax − dmin)/(dmax + dmin), where dmax and dmin are
the long and short axes of the cells, respectively. As shown in Fig. 3(c), the eccentricities of
most cells were less than 0.25, showing that cells were close to spherical shapes. Since a single
pixel represents 0.21× 0.21 µm2 previously calibrated using the USAF 1951 resolution test chart,
the cellular area was computed by the multiplication of a single-pixel-represented area and
cell-occupied pixels. According to the results in Fig. 3(d), most C6 cells had areas between 240
µm2 and 260 µm2. With the phase imaging modal, we also presented the phase statistics of the
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cells in Fig. 3(d) by calculating the average phase value of individual cells, demonstrating that
the cellular phase shows a positive correlation with the cellular area. It is proven that the MPFC
system could provide cellular multi-parameters such as amount, phase, and morphology, thus
satisfying the demands of the imaging flowing cytometry.

Fig. 3. Cell imaging, recognition, and analysis using the MPFC system in moderate-flowing
velocity conditions. (a) Cell phase images (see Visualization 1); (b) Cell recognition; (c)
Cellular diameter and eccentricity analysis; (d) Cellular area and phase analysis. The white
bar in (a) indicates 50 µm, and the color bars in (a) represent phase values.

To further evaluate the performance of the MPFC system in high-flowing velocity conditions,
we increased the flow rate to 31 µL/min, and the linear velocity of the cell in this channel was 13
mm/s. Here, the exposure time of the CMOS cameras was set to 1 µs to reduce motion artifacts.
A 8-second movie (Visualization 2) reveals the reconstructed phases of a fixed FoV with cells
flowing in the microfluidic channel. Figure 4(a) lists some of them at different moments, and
there were few motion artifacts in these reconstructed phase images. Therefore, according to
the threshold segmentation, the MPFC system can accurately recognize the number of cells in
Fig. 4(b). Moreover, considering the flow rate, cell concentration, and microfluidic channel size,
around 50 C6 cells flowed through the imaging FoV per second in theory. Figure 4(c) exhibits the
counting results per second using the MPFC system, and Fig. 4(d) lists the cell counting of each
frame within a second, demonstrating that around 40-60 cells flowed through the imaging FoV in
a second, in agreement with the theoretical value. Due to the motion artifact-free reconstructed
phase images in Fig. 4(a) and the accurate cell counting in Figs. 4(c) and 4(d), it is proven that
the MPFC system performed well even in high-flowing velocity conditions.

Besides the conventional functions of imaging flow cytometry, the proposed MPFC system
can also be employed to track cell motility in the microfluidic channel. It is because the MPFC
system had high frame rates in phase imaging, thus providing a tool for imaging transient events.
In this study, the flow rate of the cell solution was set to 3.6 µL/min, the linear velocity of the
cells was calculated as 1.5 mm/s, and the exposure time of the MPFC system was set to 10 µs.
Figure 5 shows several cell motilities, including rotation and binary rotation.

Figure 5(a) shows an example of a cell rotation in the x-y plane. Since the cell was not round,
the rotation in the x-y plane can be easily distinguished according to the marked arrows in the
zoomed-in subplots in the reconstructed phases at different moments in Fig. 5(a1). To further
investigate the rotation plane, we checked the phase contours at different moments, as revealed
in Fig. 5(a2). The phase did not change much during the cell flowing through the microfluidic
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Fig. 4. Cell imaging, recognition, and analysis using the MPFC system in high-flowing
velocity conditions. (a) Cell phase images (see Visualization 2); (b) Cell recognition; (c)
Cell counting; (d) Cell counting of each frame with a second. The white bar in (a2) indicates
50 µm, and the color bars in (a2) represent phase values.

Fig. 5. Cell motility tracking using the MPFC system. (a) Cell rotation in the x-y plane; (b)
Cell rotation in the y-z plane; (c) Binary cell rotation in the y-z plane. (1) Reconstructed
phase and zoomed-in FoV at different moments; (2) Phase contours along the dotted lines in
(1). The white bar in (c3) indicates 50 µm, and the color bars in (a) represent phase values.

https://doi.org/10.6084/m9.figshare.24069834
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channel, indicating that the cell rotated in the x-y plane. Figure 5(b) shows another example of a
cell rotation but in the y-z plane. According to the reconstructed phase distributions as well as
the zoomed-in subplots in Fig. 5(b1), the cell was determined to rotate in the y-z plane. To prove
it, the phase contours at different moments are displayed in Fig. 5(b2), which shows significant
phase changes during cell motility. These results in Fig. 5(b) verify that the cell rotated in the x-y
plane.

Figure 5(c) shows a more interesting binary rotation example. According to the reconstructed
phase distributions at different moments in Fig. 5(c1), two cells co-rotated in the y-z plane since
their relative positions exchanged when they were flowing through the microfluidic channel.
Compared to Fig. 5(c1), the phase contours in Fig. 5(c2) explain the binary rotation motility
more clearly: when two cells overlapped, the measured phase is the phase sum of the individual
cells, fully proving the motion of binary cells.

4. Conclusion

In this work, we proposed the MPFC system, which provides an excellent phase imaging flow
cytometry platform for the study of cells in microfluidics. Based on a microscope, the MPFC
system has a FoV of 0.16 mm2 and a lateral resolution of 1.55 µm, which allow for imaging
cells flowing in the microfluidic channel. In addition, the introduction of our designed dual-view
transport of intensity phase imaging enables real-time phase reconstruction in high accuracy. The
MPFC system has been successfully employed in flowing cell imaging, recognition, and analysis
even in high-flowing velocity conditions. Moreover, due to the high frame rates, the MPFC
system can also be used for monitoring transient events, such as cell motilities, including rotation
and binary rotation. Considering the advantages of the MPFC system as simple configuration,
accurate phase retrieval, high imaging contrast, and real-time imaging, this work is expected
to promote the application of phase imaging flow cytometry in high-throughput rapid cellular
detection and tracking.
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